Histone acetyltransferases (HAT), which are able to acetylate histone and nonhistone proteins, play important roles in gene regulation. Many HATs are related to yeast Gcn5, a component of two transcription regulatory complexes SAGA and ADA.
INTRODUCTION
The organisation of chromatin structure provides a major barrier to gene transcription. In eukaryotic cells, there exist enzymatic activities to modify chromatin structure to control DNA accessibility. These activities include ATP-dependent chromatin remodelling complexes represented by the Swi/Snf complexes (1) , and the histone acetyl transferases (HAT) and histone deacetylases (HDAC) (2, 3) . HATs and HDACs can be targeted to promoters to activate or repress gene transcription, many regulated genes employ HATs to achieve transcriptional activation (4) . Although an exact mechanism of how acetylation of histones contributes to transcriptional activation has not been known, it has been thought that acetylation of nucleosomal histones leads to relaxation of chromatin structure so in such a way that transcription factors can gain access to chromosomal DNA (5) . However, there are cases where increased histone acetylation correlates with repression (6, 7) . In addition, acetylation of non-histone factors might have activating or repressing effects on transcription (8) (9) (10) .
A variety of HATs have been discovered (11) . Many of them are related to yeast Gcn5, a member of two transcription regulatory complexes SAGA and ADA within which Gcn5 serves as a nucleosomal HAT, capable of acetylating histone H3 in nucleosomes (12, 13) . In yeast and animal cells, Gcn5 family members and CBP/p300 also acetylate non-histone proteins such as transcription factors (14, 9) .
Most HATs have a bromodomain (15) , which is an acetyl-lysine binding motif found in a variety of chromatin-related proteins (16) . Deletion mutations of GCN5 induce both up-and down-regulation of 4 % of genes in yeast (17) and embryo growth by guest on http://www.jbc.org/ Downloaded from defects in mice (18) . The Arabidopsis GCN5 (AtGCN5) protein shows significant similarities to the HAT catalytic domains and bromodomains of previously described Gcn5 homologues (19) . It has been recently reported that a T-DNA insertion in AtGCN5 affects also about 5% of 8200 tested genes in vegetative tissues and produces pleiotropic effects on plant growth and development (20) . This suggests that the function of AtGCN5 in gene regulation may be similar to that proposed for the Gcn5 family members and that plant Gcn5 proteins may be involved in the control of specifict developmental pathways.
One of the plant characteristic developmental pathways is the floral organogenesis. Flowers contain four types of organs, sepals, petals, stamens and carpels, which are arranged in four concentric whorls. The floral organ identity is specified combinatorially by three classes of homeotic genes, termed A, B, and C (21) . Each class of the genes is active in two adjacent whorls: class A in whorls one and two, B in whorls two and three and C in whorls three and four. One well studied example is the C function gene AGAMOUS (AG), which not only specifies stamen and carpel identity, but also limits regeneration of floral meristem cells (21, 22) .
Proper temporal and spatial expression of AG is central to flower pattern formation. In wild-type plants, AG mRNA is expressed only in the central region of the floral meristem and in the inner two whorls of a developing flower (21, 22) . This spatial and temporal expression pattern is regulated by a number of positive and negative regulators. The major repressor of AG in the first and second whorls is APETALA2 (AP2). Loss of AP2 function results in AG ectopic expression in the outer whorls and the corresponding homeotic transformations of these organs to carpels and stamens (23) . WUSCHEL (WUS), a homeodomain protein that specifies stem cell identity and by guest on http://www.jbc.org/ Downloaded from is expressed in a few cells in the centre of shoot apical meristems (24) , induces AG expression in the centre of developing flowers (25, 26) . In mature flowers, AG in turn represses WUS in mature flowers to terminate floral meristems (25, 26) .
In this work, we show a regulatory function of AtGCN5 in controlling floral meristem activity by characterising a T-DNA insertion mutation of the gene. We show that in addition to pleiotropic effects on plant growth and development observed also in an other mutation of the gene (20) Laux (28) and were crossed with Ws and DLX8 plants.
Genomic DNA and total RNA extraction, PCR, RT-PCR and Northern blots Arabidopsis leaves were used for Genomic DNA extraction. PCR reactions were carried out by using the Promega TflI polymerase in the presence of 2% DMSO.
The primers used to check the T-DNA insertion in AtGCN5 were:
5'-CTGGTTGGACCCCAGATCAGTGGGGGC-3', 5'-GGTATCGGGGAGTTGTAAGTTCTAC-3' which were specific for AtGCN5, and The PCR products were electrophoresed, blotted onto a Hybond N+ membrane (Amersham) and hybridised with 32 P-labelled probes made by using the Random Primer kit (Appligene).
For Northern blots, 10 µg of total RNA were separated by electrophoresis in a denaturing agarose gel, blotted and hybridised with 32 P -labelled PCR products.
AtGCN5 cloning and complementation
AtGCN5 cDNA was amplified as two fragments by RT-PCR from Ws leaf mRNA by using the primer sets as described above. The PCR fragments were cloned into pGEM-T (Promega) and sequenced. The fragments were assembled by using a unique KpnI site present in the overlapping region of the fragments. The full-length cDNA was further cloned under the control of the CaMV 35S promoter (35S::AtGCN5), and introduced into A. tumefaciens (HBA10S). DLX8 plants were transformed using the floral dip method (29) . Seeds from the T1 plants were selected on 0.5x MS medium containing 50 mg/l Gentamycin. Gentamycin resistant plantlets were transferred to soil and grown in the greenhouse under long-day conditions. The (Fig. 1C) , indicating that AtGCN5 is involved in vivo in histone H3 acetylation and that other acetyltransferases are also implicated in the acetylation.
The mutation strongly affected the leaf morphology. Rosette leaf expansion was reduced leading to smaller and upward-curled rosette leaves with slight serrations of leaf margins (Fig. 2B) . The first 10-12 flowers produced from an inflorescence had a disorganised structure, although the overall size of those flowers was not affected (Fig. 2B) . In late arising flowers, homeotic transformation of flower organs was observed (Fig. 5, see below) . The DLX8 plants were partially fertile, producing few and deformed siliques and seeds (Fig. 2B ).
AtGCN5 is required to regulate the floral meristem activity through the WUSCHEL/AGAMOUS pathway Careful examination of early produced mutant flowers found that the identity of sepals in whorl one, petals in whorl two, stamens in whorl three and carpels in whorl four was not altered (Fig. 2B) , except that an increase in stamen number per flower was observed (Table 1) . After the production of about 10-12 flowers, the inflorescences gave rise to flowers in which the sepals of whorl one were not present.
The organs produced in this whorl either had a filamentous structure or aborted during growth (Fig. 4A) . Organs in whorl two were transformed into stamens, consequently producing supernumerary stamens (Fig. 4A) . Extra carpel-like organs were observed in some flowers (Fig. 4A, 4B ). The aberrant terminal flowers appeared at apices of inflorescence branches, leading to termination of the inflorescence meristem (Fig. 4C, 4D ). In addition, the growth of other flowers previously produced by guest on October 1, 2017 http://www.jbc.org/ Downloaded from within the same inflorescence was inhibited or aborted (Fig. 4A) .
The terminal flower phenotypes were reminiscent of plants over-expressing AG under the CaMV 35S promoter (30) . We therefore examined the expression levels of AG in DLX8 flowers by RT-PCR and RNA blots and found that the expression levels of AG was increased in flowers of the mutant plants (Fig. 3) .
To examine whether the AG expression domain was altered or not, we crossed a pAG-I::GUS transgenic line (27) with DLX8 and wild-type Ws ecotype plants. F2 inflorescences from the crosses were stained to detect GUS expression.
The mutant flowers were more darkly stained than the wild-type transgenic flowers (Fig. 5A , 5B). GUS expression could be seen throughout the terminal flower in DLX8 (Fig. 5C ). In fact, the AG promoter activity was detectable in the primordia of the outer whorls of the terminal flower (Fig. 5D ), suggesting that AG was activated early during floral organogenesis in the mutant inflorescence. In the non-terminal flowers of the mutant, the AG promoter activity in the mutant was detected not only in whorls three and four as observed in the wild-type flowers (Fig. 5E ), but also in the base of sepals and petals (whorls one and two) (Fig. 5F ). The GUS expression domain was extended to the pedicel of the flowers (Fig. 5F ). These observations indicate that the expression domain of AG was enlarged in DLX8 plants. (28) with DLX8 and wild-type Ws ecotype plants. F2 young inflorescences from the crosses were stained to detect GUS activity. In the wild-type background, the GUS activity was relatively weak and detected in a few cells within the floral meristems (Fig. 5G, 5I ). In the DLX8 background, the GUS activity was higher than the wild-type (compare Fig. 5H and   5G ) and was detected throughout the apical meristem from the primary inflorescence, even in the primordia of the first whorls of developing flowers (Fig. 5J) . However, no GUS activity was detected in the mature flowers (not shown). This enlargement of the expression domain of the WUS promoter correlates to that of AG in DLX8 flowers, suggesting that the induction of AG expression in the floral outer whorls may be due to the expansion of WUS expression in the mutant.
Since the major repressor of AG in the first and second whorls is AP2 that is expressed however throughout the floral meristem (23), we examined therefore the expression level of AP2 in DLX8. We found that the mRNA level of AP2 as well as another A function gene APETALA 1 (AP1) (31) in DLX8 flowers was slightly reduced when compared with that in the wild-type plants (Fig. 3) . The expression of a Bfunction gene APETALA3 (AP3) was not significantly changed (not shown). Inhibition of histone deacetylation by antisense expression of AtHD1 induces ectopic expression of SUPERMAN (SUP) (32) , which controls floral whorl boundaries (33).
However, the mRNA level of SUP, was not affected in DLX8 (Fig. 3) . In order to know whether AtGNC5 affect the expression of shoot apical meristem regulatory genes, we checked the mRNA levels of SHOOT MERISTEMLESS (STM) (34) and CLAVATA 1 (CLV1) (35) compared to wild-type plants (Fig 3) . This is in consistence with normal appearance of shoot apical meristems observed in DLX8 (Not shown).
DISCUSSION
The recessive nature of the DLX8 mutation and the complementation experiments indicate that this is a loss of function mutation. DLX8 plants may still produce a low level of a truncated AtGCN5 protein. However, without the bromodomain, this protein would be unable to bind to promoter nucleosomes. This is in consistence with the lower levels of H3 acetylation in the mutant. In addition, a mutant allele of AtGCN5 showing pleiotropic phenotypes has been recently published (20) . It is therefore unlikely that the phenotype we observed is due to any dominant effect of the truncated protein, although it is not excluded that the truncated protein retains some function.
The ubiquitous expression pattern of AtGCN5 and the pleiotropic effects of its mutation suggest that it functions in the regulation of many genes required for different biological processes. The mutation effects might be induced as a consequence of the reduction of histone H3 acetylation. Whether more dramatic reduction of histone acetylation levels induces severer phenotypes or affects more genes awaits the analysis of an allelic series of AtGCN5 mutants and a multiple knockout of several HAT genes. Histone acetylation/ deacetylation appears to be a general regulatory mechanism responsible for controlling plant development.
Blocking histone deacetylation by antisense expression of AtHD1 also induces pleiotropic effects in transgenic plants (32) . Gcn5 homologues in yeast and animal cells are usually recruited to promoters via protein interactions with promoter-specific transcription factors. In yeast this acetyltransfease is required for the expression of a subset (4%) of genes (17) . Recent analysis by DNA microarray have shown that the mutation of AtGCN5 induces expression changes of about 5% of the tested 8200 genes in Arabidopsis aerial vegetative tissues, with three-fourth of the genes being up-regulated and one-fourth being down-regulated (20) . Changes in gene expression induced by mutation of AtGNC5 in other stages of development or organs such as flower is not known. Similar approaches would be helpful to detect changes of genes expression in floral meristem induced by the mutation of AtGCN5.
We have shown that the DLX8 mutation induces the production of terminal flowers and floral organ homeotic transformations (Fig. 4) . However, in the work 
